Introduction
Engineered nanomaterials (ENMs) are used in a broad spectrum of consumer products. The particle size at the nano-range gives ENMs particular physicochemical properties that may lead to exceptional performance regarding parameters such as e.g. surface reactivity, conductivity, porosity, solubility, crystallinity, optical sensitivity, bio-persistence, etc. [1] [2] [3] [4] [5] Apart from a large range of potential benefits to the human health and the environment, the use of materials with such particular properties could also cause dangerous interactions with human and environmental systems. [6] [7] [8] [9] [10] [11] [12] [13] The research community is faced with a risky lack of adequate methodologies to investigate these potentially harmful environmental effects of materials at such a small scale. 14 Consequently, there is a distinct knowledge gap concerning the risks caused by the environmental release of and exposure to such materials. [6] [7] [8] [9] 11, 12, [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] There is no doubt that current and future ENM production quantities release them into the environment.
One of the critical points of environmental release and exposure of such material is that the emitted nanosized material may show -compared to its bulk counterpart -a new and mostly unknown behavior, for example, dissolution and agglomeration increased surface reactivity, altered magnetism or optical characteristics and an increased strength and flexibility, electrical conductivity or absorption. 29 ENMs in commercial products do not represent a uniform group of materials, but are produced in many different sizes and forms. 4 ENMs may also be coated e.g. with polymers, polyelectrolyte or surfactants that can influence the water solubility or biocompatibility of the ENMs. 15, 30 The potential for negative environmental effects of ENMs is very widely discussed. 23, [31] [32] [33] Nano-specific regulations that cover such effects, however, are not yet available. 34, 35 Normally environmental regulations are focused on conventional chemicals and do not address the aforementioned particular colloidal physicochemical characteristics. 29 REACH 36 is focused on the effects and exposure of chemicals in general, without treating separately the particular physicochemical characteristics of nanosized materials. However, environmental benefits due to ENM applications e.g. in pollution prevention and remediation or green manufacturing are expected as well (see e.g. ref. 37 and 38) . These new material characteristics and functionalities are also expected to reduce e.g. energy consumption, waste production and the use of other hazardous chemicals. 9, 39 Frequently used nanomaterials are e.g. TiO 2 , Ag, ZnO, carbon nanotubes (CNTs) and fullerenes. Probably the first study concretely addressing the environmental release of ENMs showed that CNTs could be released into the environment from lithium-ion batteries and textiles during different life cycle stages of these products. 40 CNTs are also incorporated into other products such as composite materials, electronics and medical applications since they are extremely strong and lightweight and may show different electrical properties. 41, 42 Fullerenes, another carbon-based form of ENM, are e.g. used in cosmetics, food supplements, electronics and fuel cells. 42, 43 The release caused by the use of nano-TiO 2 as an active ingredient in sunscreens has also been discussed. 44 Different technical uses are evaluated for nano-Ag: 45, 46 due to its antimicrobial properties nano-Ag is used in cosmetics, textiles, paints, cleaning agents and sprays 47, 48 and also in wound dressings and detergents. 49 The US Environmental Protection Agency (EPA) aims to regulate the use of nanosized particles with antimicrobial properties (e.g. nano-Ag), as is done for other antimicrobials or pesticides that fall under the Federal Insecticide, Fungicide & Rodenticide Act (FIFRA). 50 Since nano-ZnO (and nano-TiO 2 ) filter UV light of a broad spectrum, these compounds are often applied e.g. as photo catalysts 51 and, as mentioned above, in sunscreen products. 52 NanoTiO 2 may e.g. also be used for the decontamination of water, soil and air. 53 At the beginning of the research on environmental release and effects of ENMs, the focus was on a precautionary approach 8 that addressed hypothetical questions such as whether ENMs could reach the environment and what their interaction with the environment would be after such a release. Initially the presence of ENMs in the environment had to be assumed by expecting environmental release due to an increasing production and application of all types of ENM. 54 This changed when Kaegi et al. 55 detected nano-TiO 2 in a small stream emitted from painted house facades. Others then detected nano-Ag released from textiles during washing. 56, 57 In this chapter we present firstly the current state of knowledge on the environmental release of and exposure to ENMs by reviewing the available methodologies and models used and developed to quantify such release and exposure. Secondly, the adequacy of the REACH regulations for dealing with ENM release and exposure in the environment will be examined. Furthermore, the available modeled results in the scientific literature will be reviewed and a comparison to first available measurements will be conducted to discuss to what extent the modeled output validates analytical work and vice versa. Finally, we will give an outlook as to what one should expect from future modeling and analytical work on ENM release and exposure.
Environmental Release and Exposure in REACH
According to the REACH guidance, 58 the release and exposure estimation for chemicals is usually conducted based on the fugacity concept by using multimedia fate models. The model of the European Union System for the Evaluation of Substances (EUSES) is a well-established software that has been created in order to perform environmental exposure (also including worker and consumer exposure/risk), effects and risk assessments. 59 EUSES is a transparent and user-friendly quantitative assessment tool for estimating potential risks caused by chemicals to human beings and the environment. Other prominent models are mass-balance multi-compartment approaches [60] [61] [62] [63] [64] [65] such as e.g. the Berkeley-Trent (BETR) 66 and the climate zone model for chemicals (CliMoChem). 67 These models represent box models, covering several environmental compartments (Figure 12 .1), which may be considered homogeneous and well mixed.
Emitted chemicals are distributed between the different compartments according to the substance characteristics and environmental properties. REACH distinguishes among different forms of release and transfer between compartments for potential contaminants: 58 N direct and indirect emission (via sewage treatment plants (STPs)) to air, water, industrial and agricultural soil; N biotic and abiotic degradation; N diffusive transfers between two compartments such as gas absorption and volatilization depending on the concentration in both compartments; N advective one-way transport dynamics such as deposition, run-off and erosion.
There are several limitations that have to be considered in such a regional release/exposure methodology: 58 (i) the model outputs with a regional resolution only reflect averages for entire regional compartments that are assumed to be well and homogeneously mixed. Such a risk assessment from a regional perspective may ignore a local release that might be much higher. (ii) The challenge in such modeling is to quantify realistically the main ''release'' parameters such as partitioning coefficients and degradation rates for a potential contaminant. Two approaches are recommended: (a) modeling of release/exposure based on ''agreed'' standardized regional parameters for a standard European region; and (b) modeling of regional release/exposure on the basis of ''country specific'' parameter values when sufficient specific information is at hand, e.g. from the most relevant emission sites. About two dozen standard parameter values ranging from geometrical and systemic information of the compartments (water depth, residence time of air and water etc.), intermedia mass transfer coefficients, precipitation data, and average connection percentages to STPs are defined. The guidance on the REACH implementation 58 distinguishes three release scenarios: a wide, dispersive and an industrial setting scenario on a local resolution and a regional case for all chemical uses. Wide dispersive scenarios cover release from consumption processes, professional, and service life chemical uses whereas the industrial setting reflects a release from single industrial sources.
A wide dispersive release stems from the use of substances and substances in mixtures by private consumers and non-industrial companies. These kinds of emissions are assumed to reflect constant and continuous material transfer that may be averaged over a one year time period. Direct emissions to the atmosphere and soils are not considered; emissions to the water body are modeled as emission via a 10 000 inhabitants standard STP. The total chemical tonnage used is derived for such a standard town from the total registrant's tonnage at the EU level. Assessment factors are considered to account for temporal or geographical variation in the chemical use and release scenarios.
Industrial setting scenarios: discharge to water occurs via municipal sewage treatment plants (STPs) and industrial wastewater treatment plants (WWTP). Emissions to the atmosphere are considered to occur via water treatment processes in STPs and emissions to soils from the application of STP sludge to agricultural soil and from atmospheric deposition of released material. Default daily emission rates for manufacturing (process where the substance is produced), formulation (blending and mixing materials) and industrial end uses (e.g. using such a substance as a processing aid or incorporating it into a matrix) are quantified. Release factors are used to describe the fraction (% or kg kg 21 ) emitted to a particular environment. To determine such factors, environmental release categories (ERCs) are provided. Conservative default release factors for these ERCs expressed in % are listed in Appendix R.16-1 of chapter 16 of ref. 58 .
In the regional resolution widely dispersed release and industrial release are lumped together to quantify total emissions to a water body, soil and air. Standard modeling assumes 80% (EU average) of the wastewater is cleaned in STPs. Emissions are considered to occur continuously during the total life cycle of products containing a particular compound. If regional emissions are associated with specific-use scenarios, the tonnage at regional level for each use and the release factors are equal to the parameters used at local scale.
The regional emission for each environmental compartment is obtained by summing the emissions over all life cycle stages of a particular substance. If the activities related to a particular life cycle stage can be considered to occur within a region under investigation, as is normally the case for manufacturing, formulation and industrial uses, the whole registered tonnage at the EU level is accounted for. Otherwise only a fraction of the registered tonnage is attributed to a particular region, the remaining part being attributed to the continental scale.
Environmental Release and Exposure Assessment for ENMs
Although the current database on environmental release and exposure for ENMs is very thin, several state-of-the-art reviews are already available. Contributions may be found about ENM release, fate and/or implications in the environment. 4, 28, [68] [69] [70] [71] [72] [73] [74] Other publications 12, 75 have reviewed potential regulations for ENMs and discussed how far ENMs have to be considered as a new material that cannot be regulated based on conventional regulation approaches for its macroscaled counterparts. Grieger et al. 76 screened the current literature and analyzed the level of knowledge about environmental, health and safety effects (EHS) for ENMs; knowledge gaps were found everywhere: e.g. lack of environmental release and fate information and human and environmental toxicity, of standardized methods and reference material to assess potential negative effects, and of life cycle and commercial aspects for nanoproducts. Finally, reviews about potential environmental exposure associated with nanoremediation are available as well. 77, 78 
Early Qualitative Release/Exposure Analysis
What makes nanomaterials different from the bulk material/chemicals in terms of exposure potential had been recognized very early: Morgan 79 used expert elicitation -the most prominent research approach at the beginning of the environmental impact assessment for ENMs -to identify the set of particlerelated properties potentially determining ENM exposure (and toxicity) (see Figure 12. 2). Kandlikar et al. 80 proposed investigations on the degree of consensus (disagreement) between experts that estimated the importance of the crucial variables within the exposure and risk paradigm by assigning subjective degrees of belief (probability values) to the potentially key variables such as particle surface characteristics, particle size distribution, particle shape and agglomeration behavior; release metrics: mass, surface area, particle number; exposure routes: via inhalation, dermal exposure, via ingestion etc.; environmental fate and translocation processes and dose-response mechanisms.
Furthermore, researchers soon recognized that using a life cycle perspective and continuously examining new nanoproducts would be critical to investigate environmental release and exposure. 17, 69, [81] [82] [83] Robichaud et al. 84 performed a qualitative risk assessment for the industrial production of several ENMs (CNTs, fullerenes (C 60 ), quantum dots, aluminum oxide nanoparticles, and nano-TiO 2 ). By means of an industrial insurance database and from an industrial insurer's perspective, the authors were able to benchmark the risks of fabrication processes of one ENM against other ENMs and against other non-nanobased materials. Exposure quantities and physicochemical material characteristics were used to qualitatively rank risk based on ENM carcinogenicity, flammability, volatility, persistence (bioaccumulation) and toxicity. Risk protocols were developed that ranked three risk categories (incident risk, normal operations risk, and latent risk) by assessing the relative contamination up to a 100 point risk scale (100 means maximum risk).
Davis and Thomas 83 provided a basic concept named comprehensive environmental assessment (CEA) developed to prioritize research efforts for engineered nanomaterials and products containing such materials ( Figure 12. 3). The recent EPA-reviews 44, 85 about nano-TiO 2 and nano-Ag have followed this CEA approach. Michelson and Rejeski 86 proposed a gap analysis approach based on a pre-market regulatory review to identify ''at risk'' product areas (cosmetics, dietary supplements, food additives and consumer products). Anticipative life-cycle perspective assessment approaches focused on past experience in environmental exposure and risk assessment were proposed and exemplified in one of the first studies with the case of MTBE (methyl-tert-butylether) used as a fuel additive. 82 As seen in Table 12 .2, unintended indirect ENM emissions are normally clearly localizable and occur mostly via technical facilities. Such emissions will occur via wastewater treatment and waste incineration plants and landfills. Hence, the main focus of the release research should be on the -currently only poorly understood -removal of ENMs during wastewater treatment 87 and during waste incineration as well as during leaching processes from landfills. 88 In contrast, unintended diffusive release occurs mostly via the application/ 
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Chapter 12 degradation of ENM products such as paints, cosmetics, cleaning agents, surface coatings etc. Consequently and as emphasized in Nowack et al.
89
minimizing such ENM release requires measures to be taken on the products themselves: ensure a persistent ENM binding in the matrix and minimizing degradation/abrasion of the matrix e.g. when exposed to rain water or UV light. However, for other uses ENM emissions cannot be avoided, e.g. ENMs containing cosmetics/sunscreens washed off during swimming. Finally, unintended emissions cannot be excluded either during ENM production and manufacturing processes (ENM incorporation into products) as well as from accidents or any kind of site damage cases that could lead to extremely high water, air and soil exposure at the concerned locations. Nowack et al. 89 describe events such as e.g. incautiously handled nanopowders emitted to the air at open windows and release from wastewater treated internally in the factory and then directly discharged into natural waters. Measurements to examine worker exposure performed at ENM production sites later confirmed such release events. [90] [91] [92] [93] [94] For studying the likelihood of release and exposure in the environment it is also crucial to assess in what forms ENMs are emitted. 28 Koehler and Som 95 distinguished among free nanosized particles, agglomerated and aggregated, or nanomaterial integrated in larger emitted particles. An exemplary case is discussed 28 for nano-TiO 2 emissions from exterior paints 55 where the emitted ENMs can either be emitted as free particles (e.g. dry dust into air) or be still embedded in the paint matrix when ending up in the water system or soils (abrasion due to rainwater and sunlight exposure).
Summing up, all these exposure scenarios contribute to environmental exposure that in the end strongly depends on the life cycle of the ENMs and ENM-containing products considered in the scenarios. 96 Som et al. 97 have underlined that completely different life cycles for the same ENM may be observed: the use of nano-TiO 2 in sunscreen varies e.g. considerably from the use of this ENM in paints leading to completely different environmental release and exposure scenarios for the same ENM. Hence, ENM-specific lifecycle concepts (Table 12. 3) should be combined with current toxicological and risk assessment findings to provide a better base in decision making for regulators and industry. 9 Such concepts would include a relative evaluation/ comparison of the environmentally relevant performance of nanoproducts and their conventional counterparts. Linkov et al. 98 used in such a context multi-criteria decision analysis (MCDA) in order to examine three hypothetical alternative ENMs with different societal and economic characteristics and potential for environmental effects ( Figure 12.4) . The relative environmental effects of the hypothetical ENM applications were assessed by contrasting such effects to the societal importance and the stakeholder preference of these applications. Koehler et al. 40 then got down to specifics for ENMs regarding the consideration of the life-cycle principle in exposure assessment. Possible environmentally relevant emission sources for CNTs in synthetic textiles and lithium-ion secondary batteries were investigated. Their analysis considered fully the life cycle of the ENMs and the ENM-containing products. The authors showed that significant environmental emissions of ENM during the ENM production as well as during the nanoproduct consumption, recycling and disposal phase could not be excluded. This qualitative case study may be seen as a kick-start for semi-quantitative/quantitative release and exposure research. It made clear that the research community and society were faced with a conspicuous lack of knowledge under which conditions and in which life-cycle phases ENMs may be released from products.
Predictive Quantitative Modeling
In this section we focus on the first quantitative modeling studies conducted to assess environmental exposure to ENMs (see Table 12 .4). As mentioned above, in standard multimedia modeling transfer kinetics for chemicals into and among environmental compartments are usually quantified based on the octanol-water partition coefficient (K ow ) and the water-gas exchange constant (Henry constant, K H ). However, K H cannot be used for substances as nonvolatile as most ENMs. Thus, we cannot simply consider the K H of a bulk substance to be predictive for a nanosized material derived from such bulk substances in particulate form. 99 Therefore, new methods are needed to describe ENM mass transfers.
Several modeling approaches have already been used. [100] [101] [102] [103] [104] [105] [106] [107] [108] [109] All these methods have in common the fact that they have to operate with a distinct lack of, or at least high uncertainties in, the data that is needed to parameterize the Mitrano et al.
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Modeling the Environmental Release and Exposure of Engineered Nanomaterialsmodels. However, the methods used differ due to varying mathematical conceptualization and model geometry as well as due to different methods of model input treatment. Gottschalk and Nowack 28 distinguish mathematical methods used to cope with the distinct ENM-specific uncertainty and variability in input and output of the models that range from deterministic single-scenario modeling [100] [101] [102] [103] 106, 109 to probabilistic/stochastic mass-flow computations. 104, 105, 110, 116 Furthermore, material-flow modeling based on particle numbers taken as metric (instead of mass) has been proposed as well. 107 Other researchers have suggested adaptations of the above-mentioned release and exposure modeling guidelines R.16 (to estimate environmental concentrations of chemical substances) in REACH 58 by incorporating e.g. nano-specific dissolution and sedimentation coefficients. 108 However, beyond such conceptual/parametric differences these studies also vary in particular due to systemic differences in framing the ENM release.
Gottschalk and Nowack 28 distinguished between top-down and bottom-up framing methods: The top-down methods [100] [101] [102] 106 focus on release from a small but relevant set of products by considering a particular market penetration of these ENM products. In the bottom-up approach 103, 104, 110 the models are fed with data which cover as far as possible a broad spectrum of applications of ENMs in products. Some studies also account for ENM emissions during ENM production and the manufacturing of ENM products as well as during recycling processes. Gottschalk et al. 110 provide the first exposure results at higher spatial and temporal resolution by modeling local predicted environmental concentrations (PECs) for ENMs along Swiss rivers. Table 12 .4 characterizes the studies that quantitatively investigated exposure concentrations in the environment. In the following we will review in chronological order the main methodological aspects and model outputs of those works. Figure 12 .5 compares for different ENMs all the quantitative modeled or measured environmental concentrations available for the aquatic environment.
Top-down Studies
Boxall et al. 100 used simple dilution equations for ENM release and (TiO 2 , ZnO, CeO 2 , Al 2 O 3 , SiO 2 , Au, Ag, C 60 ) to model concentrations in water, sludge, and soil. However, these calculations do not necessarily cover the properties of a broader life cycle of the emitted nanosized material. Emissions to water were e.g. considered via indirect entry from sewage treatment processes; to air, for example, from industrial stack and traffic sources and via consumption of hygiene products; and to soils e.g. via ENM use in plant protection products or remediation technologies and via the application of sewage sludge to soils. The problem with such modeling is that the scenarios only focus on a limited number of release events, thus reflecting only an individual non-comprehensive spectrum of ENM products and applications. It strongly depends on the accuracy of individual parameters such e.g. the ENM concentrations within a particular product, the consumption dynamics of such a product, the sludge application rates and the removal efficiency of sewage treatment processes. Hence, in some cases the results may stand or fall with the accuracy of the assumed market penetration scenarios (e.g. 10, 50 and 100%) for the ENM products considered. The single ENM application-based release modeling led to concentrations (when neglecting the very marginal CeO 2 concentrations) in water that ranged from 0. 2 23 . However, the authors stated that the real concentrations are expected to be marginally lower, since the model did not consider that the contaminants may be washed out and removed by fallout from the atmosphere. However, the results also represent worst cases since all vehicles on the road were assumed to be diesel powered. The modeling for soil contamination indicated that the CeO 2 concentration varied between 0.28 and 1.12 mg g 21 depending on the considered soil depth and the distance from the edge of the highway.
In Blaser et al. 101 silver emissions from biocidal and nano-functionalized plastics and textiles were quantified. Nano-Ag was modeled to cause emissions of Ag + into wastewater discharged (treated or untreated) into the Rhine River. This study concluded that only insignificants amounts of silver were not removed via sewage sludge and ended up in natural waters. Most of the material emitted ended up in sludge and was assumed to be incinerated in waste incineration plants (WIPs), spread on soils or disposed in landfills. This model produced results that strongly reflect the amount of silver removed in the treatment plants. Therefore, it will be crucial to know precisely the connection rates to and the removal efficiency of STPs for a considered region. Finally, this paper did not account for nanosized particulate emissions. An evaluation of the uncertainty and variability of the model input and output was not performed: three emission scenarios (minimal, realistic and worst case) were modeled for biocidal plastics and textiles that were predicted to consider up to 15% of the total silver emissions. The modeled water Ag concentrations along the Rhine were estimated to range between 4 ng L 21 (lowest value, minimum scenario) and 320 ng L 21 (highest value, maximum scenario). The corresponding results for sediments were 0.04 mg kg 21 and 14 mg kg 21 . O'Brien and Cummins 106 assessed the exposure to nanosized TiO 2 , Ag and CeO 2 in the atmosphere and surface waters. An exposure ranking approach based on ENM release from exterior paints, food packaging and fuel additives was used. Such a semi-quantitative three-level assessment method 114, 115 links different material properties and the related release processes as well as the environmental fate of a potential contaminant to produce possible environmental exposure scenarios resulting in exposure (and risk) rankings of varying concerns. Environmental exposure concentrations taken from the literature for some specific ENM applications were assessed against elemental environmental concentrations, provisional regulatory and ecotoxicological limits. Since such results are ranked on a relative scale, no mass-based exposure metrics could be derived from this study. However, the considered use scenario for nano-TiO 2 in exterior paints (assuming 5-10% market penetration) was predicted to result in a relevant increase on current environmental surface water concentrations reaching dimensions above current regulatory/toxicological limits. Nano-Ag in food packaging, assuming again 5-10% market penetration, was said to result in a moderate increase of current environmental exposure, whereas the increase of nano-Ag water concentrations resulting from emission via applications in plastics and textiles were said to be significant. The same was said for the use of nano-CeO 2 as a diesel additive and 5-10 % market penetration that resulted in a significant increase of environmental exposure in the atmosphere and water by a subsequent deposition of such ENMs onto waters.
Bottom-up Studies
Mueller and Nowack 103 marked the beginning of a fully life-cycle-based quantitative modeling of ENM emissions and exposure in the environment. The environmental release and exposure for Switzerland were modeled. Release events ranging from ENM abrasion during washing and consumption/ use (e.g. of textiles, coatings, cosmetics etc.), and water treatment in STPs, to product disposal processes were considered. Two release scenarios were accounted for: a realistic and a high release scenario: The first one covered the most realistic input data received at that time. The worst case one was based on higher estimations of ENM release and production/application amounts. The calculations included the first estimation of the worldwide ENM production volumes, the ENM use amounts in different product categories and the estimation of emission factors from these products. The realistic and high emission PECs ranged for nano-TiO 2 from 0.7 to 16 mg L 21 , the corresponding results for nano-Ag ranged from 0.03 to 0.08 mg L 21 , whereas those for CNTs were about 100 times smaller than the latter values. The equivalent PECs for the soil compartment ranged from 0.4 to 4.8 mg kg 21 , 0.02 to 0.1 mg kg 21 and from 0.01 to 0.02 mg kg 21 . The air exposure concentrations were for all ENMs and scenarios in very small ng m 23 dimensions. However, this model has some limitations as only two scenarios deal with high uncertainties of a broad spectrum of input parameters which cover ENM transfer between several ENM applications and environmental as well as technical compartments. Second, due to missing input data some relevant compartments such as sediments, effluents from STPs, STP sludge and others were not included in this model. It also focused only on two ENM release scenarios and the geographical boundaries of Switzerland.
Subsequent studies on ENM release and exposure 104, 105 extended the single scenario analysis by using a new methodological approach and by considering further ENMs and environmental compartments as well as geographical regions. A probabilistic/stochastic methodology was used to deal with the high uncertainty and variability in the model input data. The stochastic material flow analysis (PMFA) model used 116 was fully based on Monte Carlo (MC) computations for the input and output of the whole complex material flow system that covers ENM production and application in products, distribution to product consumption dynamics, environmental release as well as inter compartmental transfer (natural and technical compartments) kinetics. This approach allows one to compute probability distributions for all the parameters throughout the whole material flow system by incorporating a large number of material transfer processes (see Figure 12.6) . In addition to the fact that such a model may consider a whole spectrum of the target material flow events for potential contaminants, it also provides insight into the likelihood of those flows. Another advantage of this model is that if sufficient data are available, prior input and output information may be transformed into posterior results by embedding Bayesian updating into the MC computations. Furthermore, a sensitivity analysis method is provided that estimates the influence of an individual input parameter on the model output variables by considering the variability and/or uncertainty of the investigated input parameter. Environmental release and exposure on a regional scale for the USA, Europe and Switzerland were modeled for Ag, . The air exposure concentrations were in line with the previous study, again for all ENMs in a very small ng m 23 range. In Figure 12 .5 regional (Switzerland) results for the STP effluents and STP sludge are also shown.
All these bottom-up studies have some limitations since they are faced with a complete lack of information regarding the ENM emissions from the ENM production process and their incorporation into industrial and consumption products. Another problematical point with all these exposure studies at regional scale is the homogeneous contaminant material distribution (in time and space) within aggregated environmental compartments. In order to overcome such model weaknesses, the use of higher spatial and temporal resolutions is required. 58 Musee 117 concentrated on ENM release (nano-Ag and nano-TiO 2 ) into aquatic and terrestrial environments from cosmetic products in Metropolitan Johannesburg City. A simple mass-flow analysis covering treated and untreated streams from STPs, landfilling and deposition of sewage sludge on agricultural soils was used. The terrestrial PEC values for nano-Ag and nanoTiO 2 in Johannesburg City (considering high and low removal efficiency under minimum, probable, and maximum release scenarios) from the cosmetic products ranged in total from 5. 33 118 to extend regional exposure analysis to a local scale modeling that considered spatial and timedependent differences in ENM exposure. The PECs of TiO 2 , ZnO and Ag ENM were modeled in 543 Swiss river sections by considering the geographical variation and flow measurements of a 20-year time period to account for temporal variability (Figure 12.7) . Due to missing or contradicting input data for such generic ENM materials the transport and fate of ENMs in the river network had to be covered by two scenarios: a scenario with no ENM transformation/deposition and an optimistic scenario including complete ENM removal from the water phase. Besides providing updated environmental exposure results for ENMs, this study conducted a comprehensive systemic analysis that distinguished between model input uncertainty, such as nanomaterial release and transport amounts in the river system, and natural (geographical and temporal) variation. The results showed strongly location-and time-dependent exposure concentrations. Local PEC values varied by a factor of 5 due to the variation of ENM emissions (15%-85% quantiles of ENM release amounts) and up to a factor of 10 when considering timedependent river flow variability (same quantiles as before) (Figure 12 Arvidsson et al. 107 suggested a particle flow analysis (PFA) methodology. In PFA the ENM transfer from society to nature is modeled using the particle number instead of mass as the metric; otherwise the model geometry and conceptualization resemble the ones of the earlier ENM multimedia studies. PFA is said to facilitate the consideration of specific nanoparticle characteristics in the material flow analysis, e.g. the size of the particles under investigation. However, this study does not cover the broad spectrum of a distinct diffusive ENM release into the environment by only including ENM (nanosilver) release from wound dressings, textiles, and ink in electronic circuitry. However, improvements in the technological diffusion modeling are promised by the authors by means of the use of an explorative scenario method that was propagated by referring to the explorative scenario methods applied by others (the Intergovernmental Panel on Climate Change 119 ) in other insecure contexts. No claims were made regarding how likely a particular emission scenario was. However, the main assumptions based on very insecure (at the most valid for very pessimistic scenarios) forecasts: a 100% market share of the ENM within the product groups investigated, a world population increase to 10 billion people by the year 2050 (as predicted by the United Nations 120 ), metabolism rates of the considered products (product groups) calculated for high-income regions (USA, EU). Environmental exposure concentrations were not modeled explicitly. However, actual use phase emissions for the three nano-Ag applications were calculated: ,8.5 6 10 23 (particles per year) from textiles, 4.6 6 10 21 (particles per year) from wound dressing, ,6.8 6 10 24 (particles per year) from electronic circuitry. A significant increase was forecast for ENM emissions from all applications. Those from textiles and electronic circuitry were predicted to be higher than the emission amounts from wound dressings due e.g. to the dissipative nature of ENM in textiles and the limited consumption volume for the latter application.
Analytical and Experimental Efforts
Analytical measurements of ENM in natural compartments are very rare or almost not available. 121 However, some results have been published on ENM emission tests that had been performed and quantified nanosized material in environmental samples. These results are also incorporated into . This study is the first work that shows the presence of fullerenes in the environment affected by human activities (in biosolids from sewage treatment plants). The presence of fullerenes in geological samples (e.g. layers from meteorite impacts) has been reported earlier. [124] [125] [126] Neal et al. 127 reported for the UK on average 2.1 mg L 21 nanosized Ti (,0.45 mm filtered fraction) in river water draining different land types (rural/ agricultural and urban/industrial land). The averaged results ranged in total from 0.55 to 6.48 mg L 21 . However, as the authors state, their contribution is far removed from distinguishing natural colloids and complexes from synthetic and non-synthetic anthropogenic nanoparticles. Also intermediary nanomaterial source scenarios are mentioned where colloids are generated in the water phase itself e.g. due to the dilution processes of effluents and chelating agents.
Mitrano et al. 128 used inductively coupled plasma-mass spectrometry (ICP-MS) in a single-particle (SP) counting mode to quantify nanosized silver particles. The authors report that between 100 and 200 ng L 21 nanosized particulate Ag had been detected in wastewater samples in Boulder, Colorado (USA). However, as the authors emphasize, the SP-ICP-MS analytics they used could not discriminate engineered nanosilver from natural silver-based colloids such as e.g. colloid-bound Ag + ions or precipitates (Ag 2 S, AgCl and others). The method has its limits at particle sizes of 40 nm and could therefore miss smaller -but, from an ecotoxicological perspective, relevant -material.
Analytical and Experimental Validation of ENM Exposure Modeling
Analytical validation of the modeled exposure concentrations is crucial to improve future modeling. Unfortunately, these days it is almost impossible to measure nanoscaled fractions of contaminants in environmental compartments at trace concentrations. 121 However, rough comparisons (see Figure 12. 
Adequacy of the REACH Release Parameters for ENMs
The Scientific Committee on Emerging and Newly-Identified Health Risks 129 examined how appropriate the exposure (risk) assessment approach of the Technical Guidance Documents of the EU is for nanomaterials. 58 The committee concluded that no completely new methodology is needed and that the risk (exposure) research can build on available knowledge about chemicals. However, REACH has not thus far addressed any specific environmental release parameters for nanosized particles. Nevertheless, the general approach (described in section 12.2) for assessing environmental release may also be applied to ENMs and products containing this material. Release is quantified by means of release rates estimated based on release factors and the use tonnage/amount assigned to a specific chemical source. Hence, such an assessment includes information on the amounts ending up in a particular natural compartment as well as dilution calculations and a standard size of such compartments.
In the Guidance on Information Requirements and Chemical Safety Assessment of the EU, 58 methodological tools and parameter values for quantifying the emissions into the environment (see section R.16 Estimation of Environmental Exposure) are given. R.16 provides ERCs for a first generic estimation of the environmental emissions of chemicals. Emissions to surface water, wastewater, soil and air are described. To what extent such conservative release factors may be adequate for ENMs has been discussed in an EU report 130 in a preliminary way. This report focuses especially on emissions during the production of ENMs and manufacturing (incorporation of ENM into products) processes are discussed. The reason for such a focus on manufacturing and production processes is that, due to missing empirical knowledge, most ENM models 100, 101, 103, 131 do not consider emissions of ENMs to the environment occurring during ENM production and an ENM product's manufacture. However, since worker exposure was shown at factories producing ENM-containing products, 90, 91, 93, 94, 132 such releases should no longer be neglected. As confirmed elsewhere, 28 such ENMs released e.g. to indoor air most likely end up in the environment. Unfortunately, worker exposure results normally cannot be used for quantifications of the environmental release since the mass flow per unit time of ENMs reaching outdoor air or the water body are almost never indicated. ERCs 58 for chemicals recommend release factors for emissions during production processes of 6% for emissions to surface waters before reaching an STP, 0.01% for those to soils and 5% for those to the air. Furthermore, ERCs distinguish the release during production of formulations of mixtures embedded and not embedded in a matrix. Factors of 2% for release into water before ending up in STPs and 2.5% for release into air and 0.01% to soils were used for the first case. The respective values for the second scenario are 0.2%, 30% and 0.1%. Initial ENM studies 104, 105 used parameters for ENM emissions to the environment during such processes ranging from 0 to 2% of the ENM volume produced.
Outlook for Future Modeling and Experimental Work
The ambition of future ENM release and exposure research should be to improve current multimedia transfer modeling methodologies to approaches that fully and simultaneously consider (i) time-dependent (intra-and interperiodical variance/uncertainty), (ii) conceptual and (iii) parametric uncertainty and variability at different release levels determined by the nanosized material entity (physicochemical properties and processes), sociotechnical drivers (recovery, production, manufacturing, consumption etc.) and political (regulatory) influence factors and that consider (iv) explicitly nanospecific properties. However, the main practical challenge in such modeling work is that currently none of the ENM multimedia exposure assessment models provides convincing solutions for considering comprehensively the environmental fate of ENMs in the environment. 133 Due to a frustrating lack of data most multimedia models only use mass-transfer simulations between environmental and technical compartments. However, simple mass-transfer functions are very limited when one is accounting for processes of particulate transfer/ degradation such as e.g. dissolution, suspension/resuspension, agglomeration/ aggregation, settling etc. Currently mechanistic parameterization of such processes can hardly be implemented in such models, since almost no empirical data are available that would describe these dynamics. 108 A first effort of environmental fate process modeling was done by Koelmans et al. 109 where the material flow analysis of Mueller and Nowack 103 was linked with a more sophisticated consideration of sedimentation. Others 46 have taken first fate modeling steps by using principles from colloid chemistry and considering particle agglomeration and sedimentation for nano-TiO 2 . The results of such modeling reflect the environmental exposure by using the particle number concentration as the metric units. Although we have to consider such results as findings made at an early stage in research, they reveal that a closer look is needed at ENM discharge amounts and collision efficiency in particular as these seem to have a higher influence on exposure than e.g. settling and shear flow dynamics. If sufficient data are available, probabilistic material flow analysis 116 may prove very valuable as well for integrating submodels that reflect in detail ENMs' fate and behavior in natural environments. 108 
